The alternating conductivity, σ*(f) = σ (f) + iσ (f), of in situ polymerized polyaniline thin films doped with hydrochloric acid, deposited on top of an interdigitated gold line array previously deposited on glass substrates, were measured in the frequency (f) range between 0.1 Hz to 10 MHz and in the temperature range from 100 to 430 K. The results for σ (f) are typical of a disordered solid material: for frequencies lower than a certain hopping frequency γ hop , log[σ (f)] is frequency-independent rising almost linearly for in log f > γ hop . A master curve was thus obtained by plotting the real component of the conductivity using normalized scales σ (f)/σ dc and f/γ hop , which is indicative of a single process operating in the whole frequency range. An expression encompassing the conduction through a disordered structure taken from previous random free energy barrier model for hopping carriers, as well a dielectric function to represent the capacitive behavior of the PAni was employed to fit the experimental results. The dielectric constant and activation energy for hopping carriers were obtained as function of the polymer doping level.
Introduction
Considerable attention has been given to the physical and chemical properties of conjugated polymers [1, 2] , mainly due to their potential applications in flexible and low-cost devices [3] [4] [5] . Among the most important and versatile materials are polyaniline (PAni) and its derivatives. PAni is frequently used in devices because of its easy preparation, good chemical stability and the possibility of behaving like an insulator, a semiconductor or a metal, through chemical doping or dedoping process [6] . Not only the understanding of the accompanying chemical processes is important [7] , it is the same for the mechanism of charge transport through the polymer bulk and its correlation to the underlying polymer structure. By the in situ polymerization method [8, 9] , PAni films of rather good quality and controlled doping level may be produced, visually contrasting strongly with those prepared by casting [10] . Although amorphous, samples prepared by chemical in situ method (see Section 2) are thinner, of the order of a hundred nanometers, and much more regular than those obtained by casting. Indeed, the interpretation of conductivity measurements in cast samples [10] required the assumption of a non-homogeneous medium, since the doping in the polymer bulk is not uniform [10, 11] . For comparison, dc and ac conductivity measurements were carried out in in situ samples, under varied doping levels and different temperatures. We have observed that doping makes samples to go from a conductive dielectric behavior to an almost metallic one. A broad temperature variation of the (real) conductivity was observed in samples with a somewhat intermediate doping level. In all cases in which the frequency dependent behavior became manifest, we were able to fit the real part of the conductivity using an expression derived from the random free energy barrier (RFEB) model [12] , clearly defining a 'hopping frequency' and leading to a master curve indicative of universality. This shows that a single process would be involved in the whole frequency range and not as thick PAni films prepared by casting [10] and other amorphous materials, such as chalcogenides, in which clusters contribute exclusively to the ac conduction [13] . Concerning the imaginary component, we find a dielectric response superimposed on the conductivity component at low doping levels, but not for high levels.
Experimental procedure
Highly doped in situ polymerized polyaniline (PAni) thin films were obtained onto interdigitated chromium-gold line arrays deposited on glass. The PAni film was around 180 nm thick, covering an area of 3.3 × 10 −8 m 2 , and the gold fingers -which served as electrodes [14] -were 400 m apart. The in situ method to produce the PAni film is described elsewhere [10] , while the method used to measure and control de polymer thickness was based on Ref. [15] . In order to investigate the chemical doping level of the polymer films, samples were undoped in 1 M NH 4 OH aqueous solution for 15 min, and then doped by dipping into aqueous solutions with HCl concentrations varying from 10 −4 to 1 M, for 15 min. Since PAni is not completely undoped during its immersion in the 1 M NH 4 OH solution [10] , the resulting sample is weakly doped. The films doped in 10 −3 M HCl and in 10 −2 M HCl will be referred to as moderately and intermediately doped ones, respectively. Visually, low-doped samples have a dark blue color (emeraldine base) while the highly doped are bright green (emeraldine salt).
Current versus voltage measurements (I versus V) were carried out in the range between 0 and 6 V with a 237 Keithley measuring unit. The ac measurements were performed using a 1260 Solartron Frequency-Response Analyzer in the 0.1-10 7 Hz frequency range, voltage amplitude equal to 50 mV (maximum ac electric field of the order of 10 3 V/m), and bias voltage equal to zero. All measurements were carried out using the interdigitated gold line electrodes structure described in Ref. [14] , and using an APD cryostat with temperatures varying from 100 to 430 K, in the dark to avoid photocurrents and in a vacuum of 10 −2 Torr.
We employ the following nomenclature for the sample doping level. For weak doping, the samples prepared with 10 −4 M HCl will be referred to as W − 10 −4 . The samples with moderate doping -with 10 −3 M HCl -will be M − 10 −3 ; those with intermediate doping -prepared with 10 −2 M HCl -will be referred to as I -10 −2 and the sample with highest doping, prepared with 1 M HCl, will be H − 1. Measurements with intermediate doping levels were also performed, but to avoid repetition only the figures will be mentioned.
Analysis of the alternating conductivity
In the Introduction, we mentioned that our results support a single transport process operating in the whole frequency range. To our knowledge, only the random free energy barrier (RFEB) model of Dyre [12] covers both the low and high frequency regimes, as well as the real and imaginary components of complex conductivity, σ*(ω), which then prompted us to apply it to our data. Dyre's expression for the disordered σ*(ω) = σ (ω) + iσ (ω), with ω = 2πf, [10] is
in which γ hop will be referred to here as the hopping frequency (it is the hopping frequency corresponding to the largest energy barrier in [12] ), σ 0 the low-frequency or dc conductivity (σ dc ), C a constant [12] and i is the imaginary unit. The real part of σ* gives the constant σ 0 for ω γ hop and increases sub-linearly for ω > γ hop , while the imaginary part steadily rises slightly sublinearly in the whole frequency range. It can be shown from Eq.
(1) a master curve may be obtained in the σ /σ 0 versus ω/γ hop plot, and this universality is stronger than the Taylor-Isard sealing defined in [16] . The expected dependence on the temperature and doping is carried by γ hop , according to the expression:
where υ 0 is the escape frequency, α the overlap parameter, r 0 the mean hopping distance, W an activation energy, T the absolute temperature and k is the Boltzmann constant. Of course, r 0 depends on the doping, expected to vary as the inverse of the cubic root of the dopant concentration c bulk [17] :
As we shall show, our data point to a capacitive behavior for samples with low doping level, and therefore the total conductivity
where ε is the dielectric constant and ε 0 is the vacuum permittivity. However, for samples with higher doping level no such contribution seems to be present. (Fig. 1a) , M − 10 −3 (Fig. 1b) , I − 10 −2 ( Fig. 1c) and H − 1 (Fig. 1d) , displaying Ohmic behavior in all cases. The dc conductivity (σ dc ) increases with the acid concentration, being equal to 1.8 × 10 −9 , 3.3 × 10 −5 , 6.5 × 10 −3 and 1.6 × 10 −1 S/m for W − 10 −4 , M − 10 −3 , I − 10 −2 and H − 1 samples, respectively. This rather broad linear behavior range is related to the matching of the Au work function with the PAni ionization potential, both around to 5.4 eV, thus leading to a neutral contact [17, 19] . Thus, the bulk conduction is then governed by the transport of holes in the polymer bulk. Fig. 2 shows the real part of the conductivity, σ (f), obtained for different doping levels at 300 K, including the same set of PAni films shown in Fig. 1 . From weakly to moderately doped samples (curves a to c), log[σ (f)] is frequency independent at low frequencies. It increases above a critical frequency, γ hop , which is the hopping frequency in our previous equations. As expected, σ (f → 0), or σ dc , agrees with those in Fig. 1 . Finally, it may be inferred that strongly doped samples (curves d to g) behave like a metal, in the sense that its real component is frequency independent in the whole frequency range.
Experimental results and fitting
The effect of the temperature on σ (f) is displayed in Fig. 3 for measurements carried out in W − 10 −4 (Fig. 3a) , M − 10 −3 ( Fig. 3b) and I − 10 −2 (Fig. 3c) samples. For the W − 10 −4 sample the temperature was varied from 300 to 430 K. As expected, an increase in temperature causes the conductivity to increase, as the doping does (Fig. 2) , but the metallic behavior is reached for the I − 10 −2 doped sample (Fig. 3c) only at temperatures as high as 250 K. Significantly, a master curve can be obtained from the data in Figs. 2 and 3 using the normalization σ (f)/σ 0 and f/γ hop . Such universality, illustrated in Fig. 4 , was also observed for the other disordered materials [16] .
For the sake of completeness σ (f) and σ (f) are shown for the three lower doping levels, respectively, in Fig. 5a , b and c at 300 K. σ (f) is practically independent of the polymer doping level: considering the extreme values, it is close to 10 −10 S/m for f = 0.1 Hz, and 10 −3 S/m for f = 10 MHz. This indicates that σ (f) derives mainly from a capacitive component in parallel with the conduction process [18] (see Eq. (5)). However, for the I − 10 −2 sample, σ (f) seems to derive entirely from the conduction contributions, as will be discussed in the next section.
The temperature dependence is illustrated in Fig. 6 , which shows σ (f) and σ (f) versus f for the moderately doped M − 10 −3 sample, at three temperatures. The results are similar to those shown in Fig. 2 for different doping levels: σ (f → 0) and γ hop increase with the polymer doping level and temperature, while σ (f) remains unchanged. Full lines in Figs. 5 and 6 represent the theoretical fittings with the model from Section 3, in which σ 0 estimated from the dc measurements was used as input parameter. It is important to remark that the linear ranges of I versus V curves are compressed at lower temperature. This means that the value of dc conductivity at low temperature will change, if temperature changes in agreement with Ref. [21] . Finally, the model was used to fit the data for the other samples using Eqs. (1), (2) and (5), and the parameters employed are summarized in Table 1 sdc was obtained from dc measurements, Fig.1 .
Discussion
In Dyre's model [12, 16] , the quantity actually calculated is a jumping frequency, with the conductivity being taken as proportional to this frequency with a proportionality factor C in Eq. (2) . Though this assumption has become commonplace (see [17] ), it is still unclear how C depends on the doping level. We infer from Table 1 that despite the large changes in doping and conductivity, it is remarkable that C = σ 0 /γ hop remains practically a constant, of the order of 5 × 10 −10 F/m, with only a weak dependence on the temperature. For the I − 10 −2 sample, it is somewhat higher, 10 −9 F/m. These results show that the Fig. 2(a, b, and c) and also from all curves of Fig. 3b . These results obtained were normalized: σ (f) divided by σ dc and f divided by γ hop . Table 1 Adjusted parameters obtained from the fittings according to Eqs. (1), (2) and (5) for W − 10 −4 , M − 10 −3 , and I − 10 −2 PAni samples dc conductivity is around σ 0 and thus both σ 0 and γ hop increase with temperature and doping level, as expected for semiconducting polymers materials [1, 10] . On the other hand, the dielectric constant (ε) is around 15-18 for weakly and moderated doped samples, and does not influence the ac conductivity behavior for high conductivity samples.
In order to test the dependence of the conductivity σ 0 on the doping level, the results of Fig. 2 were used, assuming additionally the bulk concentration c bulk to be proportional to the corresponding acid concentration c s employed in protonation. In Fig. 7 we plot σ 0 at 300 K as function of c −1/3 s and we find that an approximate straight line indeed results.
Concerning the temperature dependence, only the data in Table 1 referring to M − 10 −3 doping will be considered in detail. Following the suggestion in Eq. (3), a plot of log(γ hop ) versus 1/T is shown in Fig. 8 and, surprisingly, two activation energies would be inferred, a lower one W = 23 meV, operating at low temperatures T < 227 K and a higher one W = 70 meV at temperatures higher than 227 K, where the temperature ∼227 K may be attributed to glass transition of the material [20] . Moreover, it may be argued that the literature offers other possible temperature dependences, for instance the famous T −1/4 for the variable range hopping at low temperatures (T < 200 K). It may be explained by the fact that the dc conductivity of polyaniline is not dependent only on the temperature and doping level, but also on the material processing and structure [20] . Furthermore, although expected to hold at low temperatures, we show in Fig. 9 the plot of log(γ hop ) versus 1/T 1/4 and observe that the knee is indeed somewhat smoothed out, but the result cannot be said to be a straight line. For the other two doping levels, W − 10 −4 and I − 10 −2 , the temperature range employed was narrower but even so not a single activation energy could be found, as obtained in casting films [10] . We also mentioned that a study carried out in Ref. [10, 17] for casting samples also showed more complicated temperature and doping dependence.
Finally, the adjusted dielectric constant in Table 1 is analyzed. For lower doping levels (10 −4 and 10 −3 M) its contribution is higher than that from σ (f) in Eq. (1), and therefore Eq. (5) was employed, leading to a rather good linear ω dependence (see Figs. 5 and 6 ). However, for the I − 10 −2 M, a sample already showing metallic shine (see end of Section 2), σ (f) in Eq. (1) gives the whole contribution and ε is null. This means that even the vacuum contribution is being cancelled by the conduction mechanisms.
Final remarks
Dyre's Eq.(1) supplemented by a doping level dependent contribution, Eq.(5), were used to explain our results in in situ doped polyaniline thin films. The increase in conductivity was explained by the increase of the hoping sites afforded by doping. As results, it is obtained not only the dielectric constant as function of doping level, but also the activation energy for hopping carriers below and above the possible glass transition of the material around 227 K.
